A century ago, the vast majority of humans lived in the countryside, working the fi elds to provide food for themselves and a minority of city dwellers. With the globalisation of trade and industrial production towards the end of the 20 th century, this balance started to shift dramatically, and is now leaning the other way. By 2014, more than half of the world's population was living in cities, and this proportion is forecast to head towards two-thirds by the midpoint of this century. Within a human life span, we have thus turned from a mostly rural to a mostly urban species (Curr. Biol. (2016) 26, R1205-R1208).
As cities spread and grow, they and the infrastructure build they require for their transport and energy needs destroy vast amounts of wildlife habitat. Karen Seto from Yale University, USA, and colleagues have forecast the urban land coverage to increase by 285% between 2000 and 2030 (Proc. Natl. Acad. Sci. USA (2012) 109, 16083-16088) . Together with the accompanying explosive growth of the road network and motor vehicles (Curr. Biol. (2016) 26, R307-R310), this development constitutes a major threat to terrestrial biodiversity, and also to the ecosystem services that we all depend on.
In addition to the obvious effects of land-use change and habitat loss, however, the new man-made environments are also creating new niches for wildlife to exploit and adapt to. Global urbanisation provides biologists with a unique opportunity to study urban ecology and urban evolution in times of rapid change, and to learn how nature responds and how cities might become more sustainable.
Moving in with the humans
Some species have co-evolved with human settlements from the beginning of agriculture some 12,000 years ago (Curr. Biol. (2013) 23, R667-R670).
Thus, the storage of grain and the disposal of food waste opened ecological niches for rodents, including the house mouse (Mus musculus), the black rat (Rattus rattus) and the brown rat (Rattus norvegicus). Following their trail, the house cat moved in and likely domesticated itself. Arthropods like the German cockroach (Blatella germanica) and the bed bugs (Cimex lectularius) also benefi ted from human settlements and became ubiquitous in towns and cities, only limited by pest control measures.
While these species evolved over millennia on a timescale comparable to the transition of human lifestyles and the domestication of farm animals, the current rapid change towards global urbanisation raises the question of how fast nature can cope with the spread of cities, and how quickly species can adapt to urban life either by behavioural learning or by evolution.
Pigeons (Columba livia), which have lived in cities for centuries, are an exceptional case, as they were originally domesticated for food use and then spread as feral urban populations, thanks to the availability of nesting sites and food. The 20 th century with its sprawling suburbs has seen many other species getting a taste of city life, such as the North American raccoons (Procyon lotor), which invaded Europe after an ill-advised introduction in 1934 and a few escapes, and foxes. Recent years have even brought reports of urban wolves in German suburbs, wild boars in Rome, and cougars in Los Angeles. As Guillaume Chapron from the Swedish University of Agricultural Sciences explained in an interview with the British newspaper The Guardian, these species are more widespread in cities than the human inhabitants realise, as they can quickly grasp the geography of the space and the timetable of human behaviour and learn to remain invisible, avoid the rush hour or exploit waste-disposal systems.
A large part of urban ecology is to be found indoors, however. Although many humans may prefer not to think about this, there are thousands of microbial species and hundreds of arthropod species living in our own homes. "In places like New York City, the indoors now dwarfs the outdoors," says Rob Dunn from North Carolina State University, USA. "If we want to
Feature

Adapting to life in the city
The current wave of rapid global urbanisation fragments and destroys native habitat, but it also creates new opportunities for some species that can adapt to life in the city. Although urban ecology has been studied for decades, researchers are only beginning to appreciate urban evolution as a large-scale, massively parallel experiment enabling them to watch evolution on an accelerated timescale. Michael Gross reports. Fragmentation, hard surfaces, excess heat, light and noise pollution as well as chemical pollution of ground, air and water are the stress factors that city-dwelling wildlife, much like the human residents, has to put up with. A big question is, does evolution help them adapt to city life? Does the brutal selection in the urban environment bring about new species that are city dependent? Traditional thinking was that these changes were too fast for evolutionary responses, but now there is a rapidly growing body of evidence showing that urban wildlife is indeed evolving as we watch.
Urban evolution
One classic example of evolutionary change in response to anthropogenic disturbance is the case of the British peppered moth (Biston betularia), which in the 19 th century changed from light to dark grey colour in line with the walls of buildings in heavily polluted cities. In a recent study of this well-characterised example, the group of Ilik Saccheri at the University of Liverpool, UK, showed that the colour change was enabled by a transposable element that emerged in the early 1800s and quickly spread to much of the urban moth population (Nature (2016) 534, 102-105).
Another recent study showing rapid, adaptive evolution in man-made environments was conducted by Elizabeth Kern and Brian Langerhans at the North Carolina State University at Raleigh, USA (Glob. Change Biol. (2018) https://doi.org/10.1111/gcb.14115). These authors studied two fi sh species from 25 streams in North Carolina that were classifi ed as rural or urban streams.
Due to the impact of impenetrable surfaces in urban land cover, urban streams are generally characterised by faster fl ow rates and suffer fl ashes with extremely fast fl ow rates in the event of heavy rain. Measurements on nearly 700 individuals showed marked differences between the rural and urban members of the same species. In the case of the blacknose dace (Rhinichthys obtusus), the differences in shape were in line with expectations. The urban specimens showed an increased streamlining of their body shape, enabling them to move more effi ciently in faster-fl owing and more unpredictable waters. This fi nding is in agreement with previously analysed differences between fi sh living in fast-and in slow-moving water.
The other species, the creek chub (Semotilus atromaculatus), by contrast, showed an equally pronounced, but different kind of morphological change in urban waters that the authors fi nd more diffi cult to align with theoretical predictions. These fi sh exhibit a deeper and longer midbody region, which enables them to develop better effi ciency during steady swimming.
In addition to the binary comparison between urban and rural streams, the authors also considered the time axis by taking into account how long a given stream has been urbanised. With this parameter they could demonstrate that there is an adaptive transition. With additional laboratory experiments exposing rural-born fi sh to urbanstyle conditions, they could further understand where species are evolving most quickly and even where new species are emerging, our bedrooms, bathrooms and boardrooms are a kind of modern Galapagos. They present a chance to see evolution in action without ever leaving home." In a recent survey of 50 homes in the USA, Misha Leong from the Institute for Biodiversity Science and Sustainability, California Academy of Sciences, San Francisco, USA, with Dunn and others studied the domestic arthropod biodiversity and established what factors might infl uence it (Sci. Rep. (2017) 7, 15347).
The authors found that the biodiversity varies with the type and location of rooms, fi nding characteristic differences between basements and attics, as well as between kitchens and bedrooms. Surprisingly, the behaviour of the human residents, including whether or not they keep pets, and how often and thoroughly they clean their house, did not make a mark on the level of biodiversity. The factor correlating most strongly with the overall biodiversity found inside a house is the permeability for outdoor species. Therefore, the authors suggest that houses can act like Malaise traps (tentlike textile funnels that entomologists use to collect fl ying insects) in that they trap a variety of common arthropods from their demonstrate that the change is not an immediate phenotype response. From this, Kern and Langerhans conclude that the observed differences are likely to have a genetic basis favoured by adaptive evolution.
Panagiotis Theodorou from the University Halle-Wittenberg, Germany, and colleagues have used genome analysis to look for effects of urbanisation on the red-tailed bumblebee (Bombus lapidarius) from nine German cities compared with those from nine paired rural sites (Proc. R. Soc. B. (2018) 285, 20172806) . The researchers found no genome-wide effects, but were able to identify several candidate loci that appear to correlate with environmental parameters, such as urban land use.
City life has its pros and cons, for bumblebees as much as for everybody else. "On the one hand, food is abundant for the insects thanks to the numerous urban gardens and balconies. But on the other hand, bumblebees have more parasites and there is a considerably higher degree of habitat fragmentation in cities," Theodorou said in a press statement.
Urbanisation of life on Earth
While observational data on urban ecology is amply available and studies showing specifi c evolutionary changes are beginning to accumulate, biologists have hardly even begun to gain a comprehensive understanding of how the unprecedented global urbanisation is changing life on Earth.
To characterise the general nature of phenotypic change and look for connections with urbanisation, Marina Alberti at the University of Washington at Seattle, USA, and colleagues have recently conducted a meta-analysis of 1,600 phenotypic changes reported from species in various regions. The authors based their investigation on the hypothesis that "shifts in the physical and socioeconomic structure and function of large urban complexes can drive rapid evolution of many species that play important roles in communities and ecosystems" (Proc. Natl. Acad. Sci. USA (2017) 114, 8951-8956).
Alberti and colleagues used quantitative measures of change normalised to the natural variability and expressed using the Haldane numerator, a metric introduced by J.B.S. Haldane in 1949. They found that overall there is a very clear urban signature in the changes reported, but some kinds of anthropogenic disturbances have larger effects than others. The largest impact arises from the dynamic of socioecological interactions, i.e. the extent to which cities change the interactions between people within the city and between distant cities, between humans and other species.
Another urban disturbance that ranks highly in the authors' analysis is species introduction. Where humans move in, they invariably bring not only their pets but also their less appreciated companions from rats to pigeons. This disturbance, Alberti and colleagues suggest, triggers more pronounced adaptive responses in the local wildlife than the actual habitat change.
The authors conclude that the pronounced ecological and evolutionary changes driven by urban development are likely to affect ecosystem function and thus also the sustainability of the human settlements that triggered them. A better understanding of these connections will be necessary to understand and predict the impact of the ongoing wave of global urbanisation.
In another recent review of evolution in urban environments, Marc Johnson from the University of Toronto, Canada, and Jason Munshi-South from Fordham University at New York, USA, analyse the existing evidence linking genetic change -including both adaptive evolution and neutral gene fl ow -to city environments (Science (2017) 358, 607).
The general fragmentation of populations in the urban environment restricts the gene fl ow and increases random genetic drift, leading to a loss of genetic diversity within isolated populations and increasing differences between them. This phenomenon has been studied in white-footed mice in New York City, where populations previously connected became isolated in the city's parks. When species move into newly built urban areas, there can also be pronounced founder effects, i.e. genetic bottlenecks due to the limited size of the founding population. Red foxes (Vulpes vulpes), which only recently colonised the city of Zurich, Switzerland, show such founder effects.
Isolation effects have also been described for mosquito populations independently colonising underground systems in different cities, and for the yellow-necked mouse (Apodemus fl avicollis) in Warsaw, Poland.
Johnson and Munshi-South note that studies of adaptive evolution in urban environments are still too few and unsystematic. Apart from the British peppered moth mentioned above, they highlight studies of house fi nches (Carpodacus mexicanus) that evolved different beak shapes in the In bloom: Bees and other pollinators fi nd a wider variety of fl owers in urban gardens than on agricultural lands, but they also have to cope with the habitat fragmentation and pollution. (Photo: Shawn Caza @ http://www.torontohoneys.com.)
R638 Current Biology 28, R635-R655, June 4, 2018 city of Tucson, Arizona, USA, because they depend on sunfl ower seeds from bird feeders. Several examples of plant and animal species evolving resistance to specifi c pollutants have also been reported, including killifi sh tolerating polychlorinated biphenyls (PCBs). Meanwhile, urban variants of white clover gave up on chemical defences against herbivores and gained better freezing tolerance in exchange.
To answer important questions regarding the evolution of species in the rapidly growing urban environment, Johnson and Munshi-Smith call for studies that more systematically make use of the unique, quasi-experimental set-up where new habitat is built in many places across different climate zones. Existing studies have mostly focused on a small number of species in one city or in a few cities in the same geographic region.
The authors call for researchers to "maximize the number of cities studied to test for the generality and convergence of urban evolutionary processes and patterns". Cities should be studied around the world, with multiple populations sampled along a gradient from the urban to the rural environment, and with planned experiments to elucidate mechanisms of evolutionary change.
The global spread of urbanisation and infrastructure may well be a disaster for what remains of terrestrial wildlife, but it is also an opportunity for researchers to watch evolution in action. Guiding this evolution could even be good for our health. "The trick is that many of the evolutionary changes that occur around us are to our detriment," says Dunn. "A big challenge moving forward is whether or not we can be smart enough to favour the kinds of evolutionary scenarios that yield species better for our health and well-being rather than worse."
If we gain an improved understanding of how nature responds to the major disturbances that urbanisation brings, it may help to make cities more compatible with the surrounding landscape, and make them a more suitable and sustainable habitat for both humans and wildlife.
Michael Gross is a science writer based at Oxford. He can be contacted via his web page at www.michaelgross.co.uk
Brenda Milner and the origins of cognitive neuroscience
Robert Zatorre
The headlines in the Manchester Guardian on 15 July 1918 were full of news about the gruesome fi nal months of World War I ("British take 260 prisoners near Ypres"), alongside long lists of casualties, and equally long lists of the dead from the infl uenza epidemic. Also of interest, an article that day defends the controversial proposition that women should be allowed to practice law. It was into this world that the newspaper records the birth of a daughter to Mr and Mrs Samuel Langford. That child was Brenda Milner, one of the most renowned neuroscientists of our day, whose centennial birthday we now celebrate.
The world of neuroscience was also in its infancy at the time, with the Nobels to Pavlov in 1904, and to Ramón y Cajal and Golgi in 1906 establishing some of the fi rst basics of our discipline just a few years before. By the time Brenda matriculated at Cambridge in 1936, initially to study mathematics, and then psychology, some additional progress had been made, but psychology was still part of "moral science" at Cambridge, and the idea of linking it to physiology would have been considered fanciful.
It was the fortuitous move to Canada in 1944-occasioned by a wartime research project for Brenda's thenhusband Peter-that really provided her the opportunity to pursue the work that would make her famous: fi rst, by allowing her to complete her PhD with Donald Hebb, a psychologist at McGill whose classic monograph "The Organization of Behaviour" promoted the idea that complex behavior, and even cognition, could be explained by neural circuitry; and second, because Brenda was subsequently able to work with neurosurgeon Wilder Penfi eld.
Penfi eld, the founder of the Montreal Neurological Institute (MNI), had been performing excisions from epileptic patients' brains for some years, but was puzzled about the variable consequences on memory and other functions that resulted. Brenda's mandate was to fi gure out what was going on, a seemingly impossible task given the lack of knowledge at the time, to the point that Hebb warned her that "No psychologist can survive at the MNI," as she is fond of reminding everyone with a knowing smile (indeed, she has outlived everyone who was at the MNI in 1950!).
Brenda took a systematic, organized approach to the problem, dissecting behavioral abilities by carefully selecting tasks to probe for specifi c aspects of function. Much of her work was guided by experimental lesion research in primates and other species, a novelty at the time, and a model which she strongly endorses to this day as a way to gain insight into human brain function. Her fi rst insights came from the application of such careful tests to Penfi eld's patients with unilateral excisions of parts of the temporal lobe: she observed that only after removal of medial-temporal structures, rather than neocortex, did memory defi cits appear.
But it was her study of patient HM that provided the real breakthrough. Whereas Penfi eld was too conservative to attempt bilateral medial temporal excisions, an American surgeon had done so in this patient, with devastating results to his memory. Brenda was not only able to document the deep amnesia that HM suffered, but because of her past experience with the other cases, was able to formulate a model about the functional role of the 
